Enzymatic conversion of stereoisomers of biopterin (3a-d) to the 7-oxo-biopterin isomers (4a-d) was performed with a new pterin 7-oxidase extracted from carp skin. The chiral centers of the 6-side chains of biopterin isomers were preserved during the conversion, and the four possible stereoisomers of 7-oxo-biopterin (4a-d) were obtained from the corresponding biopterin isomers (3a-d). HPLC and CD spectra studies showed tha t natural ichthyopterin is 2-amino-6-(L-ery thro-l ' ,2' -dihydroxypropyl)-4, 7(3H,8H)-pteridinedione (4a) which has the same L-ery thro structure at the side chain as natural biopterin (3a). This fact suggests that ichthyopterin is biologically derived from biopterin in these fishes.
Introduction
The occurrence of pterins in the skin and scales of various fish has been extensi vely studied. lchthyopterin is one of these pterins, and is a major bluish purple fluorescent substance in the skin and scales of Cyprinidae. It was first isolated and named by Hiittel and Sprengling in 1943 (1) , and has been found in several species of fish (2 -11 ) and also in the integument of insect, scorpion fly (Panorpa japonica) (12 ) . The chemical structure of ichthyopterin has been determined as 2-amino-6-( l ' ,2' -dihydroxypropyl)-4,7(3H,8H)-pteridinedione (4) by chemical synthesis (13) , but the absolute configuration of the two chiral centers in the side chain remained unknown. Further confirmations of the structure of ichthyopterin were carried out by comparison with the authentic sample synthesized by Tschesche (13) without considering the stereochemical structure (5, 14) . 1) To whom correspondence should be addressed. 3) Present address: Chemical Laboratory, Fujita Health University College, Toyoake City, Aichi 470-11 , Japan. Enzymes: Aldehyde oxidase, aldehyde:ox ygen oxidoreductase (EC 1.2.3 .1.); Collagenase (EC 3.4.4.19); Pterin 7-oxidase; Xanthine oxidase, xanthine:oxygen oxidoreductase (EC 1.
2.3.2).
It was reported that xanthine oxidase and aldehyde oxidase were capable of introducing hydroxy groups into the pteridine ring, but these enzymes utilized only 6-unsubstituted pteridines as substrates (15) and not biopterin (3a) (12, 16) . Recently, we found a new enzyme (pterin 7-oxidase) in carp skin which catalyzed the conversion of biopterin to 7-oxo-biopterin (16) . Thus, we enzymatically oxidized the four possible stereoisomers of biopterin (3a -d) with this new pterin 7-oxidase. This paper describes the enzymatic oxidation of biopterin isomers to the corresponding 7-oxobiopterins (4a-d), and determination of the absolute configuration of natural ichthyopterin.
Material and Methods

Animals
One-year-old carp (Cyprinus carpio) were purchased from a fish farm and killed by a blow on the head. Skin was collected without removing the scales, and stored at -20°C until required.
Chemicals
Biopterin (3a) and its three optical isomers (3b -d) were synthesized by a modification of previous meth-
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ods (17, 18) by condensation of 2,4,5-triamino-6(1 H)-pyrimidinone (1) with the corresponding 5-deoxypentose phenylhydrazone acetate (Amadori rearrangement products, 2a-d), and used as substrates for the enzymatic reaction. 6-(D-arabo-Tetrahydroxybutyl)isoxanthopterin (5) was synthesized by condensation of 1 with Cl-ketogluconate, and used as a model compound for selecting the ionic species for circular dichroism studies. lchthyopterin was isolated from carp skin, and purified by successive chromatography as described below. The molar extinction coefficient used for quantitation ofichthyopterin was 14.5 x 10 3 M -1 cm-I at 342 nm in 0.05 N NaOH, estimated from graphic data reported by Tschesche and Glaser (13) . Ecteola-Sephadex and phospho-Sephadex were prepared by the method of Peterson and Sober (19) but using Sephadex G-25 (fine) instead of cellulose powder. Collagenase was purchased from P-L Biochemicals (Milwaukee, U. S. A.).
Biopterin isomers ( 3a-d)
5-0eoxysugars were synthesized by a combination of known methods (20, 21) ; 5-deoxy-L-arabinose was synthesized from L-rhamnose, 5-deoxy-0-arabinose from D-glucose, and 5-deoxy-D(and L)-lyxose from O(and L)-fucose, respectively. The deoxypentoses were converted to the phenylhydrazones and acetylated. The derivatives of the deoxypentoses underwent an Amadori rearrangement (2a-d), and used for condensation with 1 without further purification (17, 18) . The yields for 3a-d were 28% (3a), 21% (3b), 17% (3c), and 18% (3d) from the respective sugar bis-sulfones.
2,4,5-Triamino-6(1 H)-pyrimidinone 2HCl H 2 0 (1) (1.0 g, 4.6 mmol), calcium Cl-ketogluconate (1.5 g, 7 mmol), sodium acetate (2.0 g), and mercaptoethanol (1 ml) in acetic acid (50 ml) were refluxed for 2.5 h. After cooling, the precipitate was filtered and recrysta llized by dissolving in 1 % NaOH (50 ml) and adding into boiling 5% formic acid (200 ml) dropwise, giving the product as fine needles (560 
Analysis ofpterins by HPLC
The HPLC system consisted of a Tri RotaI' II isochromatographic pump (Japan Spectrosco pic Co.), FP-I10 spectrofluorometer (Japan Spectroscopic Co.), UVIOEC-I03 UV spectrophotometer (Japan Spectroscopic Co.) and 0-2500 Chromato-Integrator (Hitachi Co .) . An Asahipak GS-320 H column (7.6 x 250 mm, Asahikasei Co.) was used for purification with 0.005 % phosphoric acid in 10% aqueous methanol at a flow rate of 1.2 ml/min. For analysis, Nucleosil to-SA (4.6 x 250 mm, Chemco Co.) and Develosil (ODS-51l, 4.6 x 250 mm, Nomura Chemical Co.) columns were used with 30 mM ammonium phosphate buffer (pH 3.5) as elution solvent at a flow rate of 1.0 ml /min. Pterins were detected by fluorimetry using an excitation wavelength of 348 nm and an emission wavelength of 420 nm, and by UV spectrophotometry at 350 nm.
Circular dichroism ( CD ) measurements
CO spectra were recorded on a Recording Spectropolalymeter J-500 E (Japan Spectroscopic Co.). All spectra were measured at 25°C in an aqueous buffer at selected pH; for cation (pH -3.0), neutral molecule (pH 3.5), anion (pH 8.5), and dianion (pH 12.5). Results are expressed as molecular ellipticities [8] which were calculated as 100 x 8 0bservcd / concentration (molar) x light path (cm).
Isolation of ichthyopterin from carp
The subsequent procedures were carried out in a dark room. Frozen skin of carp (10 g) was cut into small pieces and homogenized with 8 volumes of 50% aqueous ethanol in a Waring blender for 5 min. The homogenate was refluxed for 20 min in a boiling water bath. After cooling, it was centrifuged at 8000 x g for 20 min. The supernatant was concentrated to a small volume by a rotary evaporator. About 1 mg of collagenase was added to the sticky mass, and the mixture was incubated for 30 min at 37°C with stirring using a rotary evaporator. Lipid materials in the concentrate were removed by extraction with benzene three times. After removal of the remaining benzene by evaporation, the concentrate was applied to an Ecteola-Sephadex column (pH 7.0, 2 x 20 cm) (22) . The column was washed with distilled water and the purple fluorescent compounds were eluted with 0.05 N acetic acid. The fluorescent bands were detected with UV light at 365 nm and the main purple fluorescent fraction was collected. The fraction was concentrated and applied to a phospho-Sephadex column (3 x 35 cm) and developed with distilled water. The main purple fluorescent fraction was collected and concentrated to a small volume. In order to separate ichthyopterin from minor components of fluorescent substances, aliquots of this fraction were injected to an Asahipak GS-320 H column with HPLC system. The main purple fluorescent substance having a reo tention time of about 14 min was repeatedly collected and combined . In order to remove phosphoric acid contained in the HPLC solvent, the concentrated fraction was applied to a phospho-Sephadex column (3 x 35 cm) again, and developed with distilled water. HPLC analysis of ichthyopterin thus purified gave a single peak.
Preparation of pterin 7-oxidase from carp
The enzyme which catalyzes the conversion of biopterin into 7-oxo-biopterin was prepared from the skin of carp essentially as described in a preliminary communication (16) . All procedures were carried out at 4 "c. Skin of carp (100 g) was cut into small pieces and homogenized in a Waring blender for 5 min with 7 volumes of 0.02 M Tris-HCI buffer (pH 7.5). The homogenate was centrifuged at 8000 x g for 30 min. The resulting supernatant was filtered through a cheesecloth to remove fat. Solid ammonium sulfate was added to the supernatant to 25% saturation with stirring. After gentle stirring for 30 min, the precipitate was removed by centrifugation, and the supernatant was filtered again through a cheesecloth to remove more fat. Additional solid ammonium sulfate was added to the supernatant to 70% saturation. After stirring for 30 min, the precipitate was collected by centrifugation. It was dissolved with a small volume of 0.02 M Tris-HCI buffer (pH 7.5), and dialyzed overnight against two changes of 5 I of the same buffer. The dialyzed solution was centrifuged at 20000 x g for 30 min to remove precipitate. A large amount of endogenous pterins in the skin and scales were completely eliminated from the enzyme preparation by dialysis. Protein concentration was measured with the Bio-Rad protein assay kit, and 90 ml of the enzyme solution containing 860 mg of protein was obtained.
Enzymatic preparation of 7-oxo-hiopterin isomers
Four stereoisomers 4a-d were enzymatically synthesized from 3a-d by incubation with the above enzyme. About 30 mg of 3a was incubated with the enzyme (30 ml, ca. 300 mg protein) in 180 ml of 0 .05 M Tris-HCI buffer (pH 8.0) for 24 h at 37°C. The mixture was then heated at 100°C for 5 min, and denatured protein was removed by centrifugation at 8000 x g for 30 min . Unfortunately, the conversion rate was low and large amount of the starting pterin remained. The product (4a) was purified by successive column chromatography on Ecteola-Sephadex, phospho-Sephadex, Asahipak GS-320 H , and finally on phospho-Sephadex in the same way as in the purification of natural ichthyopterin , with the exception that a larger column of Ecteola-Sephadex (4 x 30 cm) was used. In the same way, 4b-d were obtained from 3b-d, respectively. The purity of the products was estimated on HPLC. The yields were low at the present time, but the samples were pure enough for CD analysis.
Results
HPLC and UV spectral analyses of 7-oxo-hiopterin isomers ( 4a-d)
When 3a-d were incubated with the enzyme, the corresponding 4a -d were prod uced and detected by HPLC as shown in Figure 1 . In this HPLC system using Asahipak GS-320 H column, there was no difference in the retention time among four optical isomers. Efficiency of the conversion was low (about 2% conversion) and large amounts of the starting pterins remained, but the products were effectively purified by successive column chromatography runs on Ecteola-Sephadex, phospho-Sephadex, Asahipak GS-320 H , and finally phospho-Sephadex columns, and only a limited amount of pure products were isolated. Four stereoisomers, 4a-d, had the same UV spectra at pH 3.5 (neutral molecule) as those ofichthyopterin , and indistinguishable from each other ( Fig. 2 and Table 1 ).
Although ichthyopterin had nearly the same retention time as those of 4a-d on Asahipak and Nuc\eosil columns, on Develosil column it had the same retention time (26.4 min) with those of erythro compounds (4a and 4b), but the retention time differed from those (36.5 min) of threo isomers (4c and 4d) as shown in RETENTION TIME (min) Figure 1 . Fluorimetric detection of 7-oxo-biopterin produced from biopterin by the pterin 7-oxidase from the skin of carp. Analysis of pterins in the reaction mixture was performed on an Asahipak GS-320 H HPLC-column (7.6 x 250 mm) with the mobile phase consisted of 0.005% phosphoric acid in 10% aqueo us methanol a t a flow rate of 1.2 ml/min . Excitation a t 348 nm, emission at 420 nm. About 30 mg of biopterin was incubated at 37 "C with the pterin 7-oxidasc (300 mg of protein) in 180 ml of 50 mM Tris-HCl buffer (p H 8.0) for 24 h. * The values are expressed as relative opti cal density to the optical density at 344 nm (1.000). Table 2 . Retention times of pteridines on HPLC columns. Pteridincs were analyzed by each column (4.6 x 250 mm) using 30 mM ammonium phosphate buffer (pH 3.5) as elution solvent at a fl ow rate of 1.0 ml /min , and detected by both fluorim etry (Exc. at 348 nm/Em. at 420 nm) a nd UV spectrophotometry (at 350 nm). Table 2 . This suggests that no alteration of the stereostructure of the side chain occurred during the enzymatic conversion of 3 to 4, and that ichthyopterin has erythro configuration a t the side chain. However, HPLC analysis on Develosil column gives no evidence determining the absolute configuration of ichthyopterin (4a or 4b), because this method cannot separate D-form from L-form in either erythro-or threo-compounds. Then, CD-spectra analysis would give the clear evidence to distinguish the enantiomers .
Determination of the absolute structure of ichthy opterin by CD spectral analysis
To discriminate between the D-form and L-form, the C D spectrum of each of the four isomers of 7-oxobiopterin (4a-d) was determined. 6-(D-arabo-Tetrahydroxybutyl)isoxanthopterin (5) and natural ichthyopterin were used as model compounds for selecting the ionic species for CD, because only a limited amount of 4a-d was obtained in pure fo rm . A lthough the pka values of 5 and ichthyopterin are not determined yet, these values can be deduced from the pka values of isoxanthopterin, since both 5 and ichthyopterin have the same chromophore and showed similar ultraviolet spectra to those of isoxanthopterin at variou s pH values. Isoxanthopterin has pKa values of -0.5, 7.34 and 10.06 (23), therefore 5 and ichthy-opterin are regarded as monocation forms at pH -3.0, neutral molecules at pH 3.5, monoanion forms at pH 8.5 and dianion forms at pH 12.5 .
As cation and neutral molecules of ichthyopterin and 5 showed clearer CD spectra indicating chirality at l ' and 2' than those of anion or dianion (Fig. 3) , CD spectra of the neutral molecule (pH 3.5) was used for structure determination (Fig. 4) . The chemical configuration of the l' and 2' carbon of 5 (D-arabo) is the same as that of 4d (D-threo) , and 5 has a similar CD as that of 4d. As expected, the spectrum of 4a has mirror image to 4b, and 4c has mirror image to 4d as shown in Figure 4 , because they are the enantiomeric pairs. Configuration at l' is reflected in the first Cotton at 300 nm, and 2' in the second Cotton at 270 nm. Thus the structure of stereoisomers can be determined from CD spectra of their neutral molecules. Ichthyopterin has the same CD at pH 3.5 as that of 4a, and is determined to be 
Discussion
Many authors have referred ichthyopterin as 7-hydroxy-biopterin (= 7-oxo-biopterin) since 1958 (13) . However, this designation seemed premature until the absolute configuration of ichthyopterin has been determined by chiroptical studies such as those described in this paper, since there are four possible stereoisomers (4a-d) of ichthyopterin as well as biopterin. The dihydroxypropyl side chain of naturally occurring biopterin (3a) has the L-erythro configuration (24) and the other naturally occurring isomer of biopterin with the L-threo configuration is called ciliapterin (3c) (25) . The D-erythro and D-threo isomers of biopterin (3b, 3d) have not been found in natural sources.
Attempts to estimate the absolute configuration of the side chain of ichthyopterin were already made by Tschesche and Glaser (13) and by Hiittel and Schreck (14) , whose assays depended on the growth response of the trypanosomid flagellate, Crithidia fasciculata. The response of this organism is limited to certain stereoisomers of the 6-polyhydroxyalkyl-pterins (24, 25, 26) . However, their attempts were not successful, since ichthyopterin had only a slight activity for promoting the growth of Crithidia. Only 0.005% of the activity was observed as compared with biopterin. Therefore, they concluded that 7-oxo-pterin (= isoxanthopterin) derivatives have much less growth-promoting activity, regardless of the steric configuration of the side chain at the 6-position on the pterin ring. We determined here that the dihydroxypropyl side chain of natural ichthyopterin has the L-erythro configuration as that of natural biopterin (3a), therefore, we can now confidently refer to ichthyopterin as 7-oxo-biopterin (4a).
Concerning the enzyme which converts biopterin into 7-oxo-biopterin, we already reported that the pterin 7-oxidase is different from xanthine oxidase and that xanthine oxidase does not catalyze the conversion of biopterin into 7-oxo-biopterin (16) . The pterin 7-oxidase also resembles aldehyde oxidase which oxidizes several pteridines (15) . However, distribution of these enzymes among various tissues of fish suggests negative resemblance, that is, the pterin 7-oxidase exists in the skin of fish but not in the liver or muscle of fish (16) , while aldehyde oxidase is present in the liver of fish (27) . Distribution of the pterin 7-oxidase is extremely limited to the skin of fish where ichthyopterin is present. On the other hand , both xanthine oxidase and aldehyde oxidase have wide-spread tissue distribution (27) . This enzyme from carp skin is stable only at the ammonium sulfate fractionation step of purification, and getting unstable during the process of further purification. When we find ways of stabilizing the enzyme then we will be able to purify it and characterize it fully.
From the viewpoint of biosynthetic pathway of ichthyopterin, it is not obvious whether the main precursor of ichthyopterin is biopterin itself or other substances, because at the present time the conversion rate of biopterin into ichthyopterin by the enzyme is low. If biopterin is the main precursor of ichthyopterin, we can easily imagine the biosynthetic pathway of ichthyopterin from guanosine triphosphate via dihydroneopterin triphosphate and 6-pyruvoyl-tetrahydropterin as catabolic pathways of tetrahydrobiopterin. However, clear elucidation of the biosynthetic pathway of ichthyopterin must await further studies on the substrate specificity of the new pterin 7-oxidase after forthcoming success in purifing the unstable enzyme.
